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1 Introduction It is often stated that Th has no 5f 
electrons and instead adopts the electronic configuration 
[Rn]6d27s2. This is an extension of the idea that there are 
no occupied Th valence states when Th is a cation Th4+ in 
a compound such as ThO2. In this scheme, the valence 
maximum is dominated by O 2p character, as a result of 
the transfer of the outer Th 6d27s2 electrons to the O 2p 
bands below the valence band maximum (VBM). There 
exists, however, a body of literature that suggests hybridi-
zation between Th and O in ThO2 which results in valence 
bands with Th 5f (and/or 6d) character mixing with the 
O 2p. This results in a fluorite structure that is not purely 
ionic and possesses some covalent properties. 
Theory does tend to suggest hybridization of Th 5f 
(and/or 6d) with O 2p [1–4]. The manner in which the  
f-band is included does have a profound effect on the theo-
retical calculations. For example, a fixed f-band does not 
result in hybridization [1]. However, resonant photoemis-
sion experiments do support hybridization [5]. 
Like most f systems, the extent of band itinerancy is 
central to understanding the degree of hybridization, even 
in the case of a wide band gap insulator like ThO2. The ex-
pectations regarding the ThO2 band gap vary: theoretical 
calculations predict a band gap over an extensive range of 
4.43 [6], 4.5 [2], 4.673 [4], 4.7 [2], 4.82 [3], 5.0 [5], and 
6.9 eV [2]. Some of the variety in the calculated band gap 
depends upon the functional, e.g. in [2], the different func-
tionals (LDA, LDA + U, and B3LYP) result in the differ-
ent band gaps of 4.5 eV, 4.7 eV, and 6.9 eV, respectively. 
Experimental work suggest that the band gap is between 
5.0 eV [5] and 6.0 eV [4, 6–8]. 
Obtaining ThO2 single crystals by the hydrothermal 
technique opens a route to resolving questions regarding 
the electronic structure by enabling spectroscopic meas-
Single crystals of thorium dioxide ThO2, grown by the hydro-
thermal growth technique, have been investigated by ultra-
violet photoemission spectroscopy (UPS), inverse photoemis-
sion spectroscopy (IPES), and L3, M3, M4, and M5 X-ray
absorption near edge spectroscopy (XANES). The experi-
mental band gap for large single crystals has been determined
to be 6 eV to 7 eV, from UPS and IPES, in line with expecta-
 tions. The combined UPS and IPES, place the Fermi level
near the conduction band minimum, making these crystals
n-type, with extensive band tailing, suggesting an optical gap
in the region of 4.8 eV for excitations from occupied to unoc-
cupied edge states. Hybridization between the Th 6d/5f bands
with O 2p is strongly implicated. 
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urements of both the occupied and unoccupied band struc-
ture. The work of [9, 10] indicates this growth process to 
be an excellent means of obtaining large single crystals of 
refractory oxides on the order of several mm. Starting with 
large single crystals of ThO2, on the order of 9 mm2 per 
face, the electronic structure in the region of the band gap 
has been probed. As reported here, the occupied and un- 
occupied band structure was investigated by ultraviolet 
photoemission spectroscopy and inverse photoemission 
spectroscopy then compared to X-ray absorption near edge 
spectroscopy. 
  
2 Methodology The ThO2 single crystals were syn-
thesized in supercritical CsF mineralizer solutions. The 
crystal structure was confirmed by XRD and then through 
the rocking curves, oriented in the (200) direction, as  
found in other Ref. [9–12]. Before analysis, the crystals  
were cleaned using an organic solution of mixed crown 
ethers and picric acid. After cleaning, the crystals were 
baked in a vacuum desiccator for approximately 16 hours 
at 180 °C. Details related to the method are to be published 
elsewhere. 
The X-ray absorption near edge spectroscopy 
(XANES) was measured at the Center for Advanced Mi-
crostructures and Devices (CAMD). Thorium L-edge 
XANES was collected on the wiggler double crystal mon-
ochromator (WDCM) beamline in fluorescence mode  
using a multichannel high purity Ge detector. Thorium  
M-edge XANES was collected in fluorescence mode on 
the DCM beamline using a single channel Si detector. All 
data were collected at room temperature. The XANES data 
were analyzed with the ATHENA software [13], as de-
tailed elsewhere [14, 15]. 
XANES cannot be quantified in the same manner as 
extended absorption fine structure spectroscopy (EXAFS). 
However, an ab initio Green’s functions analysis can be 
done via FEFF 9 code [16, 17], and the spectra can be 
compared to inverse photoemission, as both probe the un-
occupied density of states (DOS). The FEFF 9 software 
uses a relativistic Green’s functions formalism and realizes 
a self-consistent, real-space multiple scattering mechanism 
[16–19]. 
Ultraviolet photoemission spectroscopy (UPS) and  
inverse photoemission spectroscopy (IPES) experiments 
were conducted under ultrahigh vacuum conditions 
(10−10 Torr). The UPS technique was conducted using the 
He(I) 21.2 eV emission line. Photoelectrons were meas-
ured with a hemispherical analyzer with a system resolu-
tion of 100 meV. The IPES spectra were obtained in the 
isochromat mode using a variable low energy electron gun. 
A Geiger–Müller tube, with I2(g) plus He, was used to  
detect the electron generated photon emission and the IPES 
spectra were limited by an instrumental linewidth of ap-
proximately ~400 meV, as described elsewhere [20, 21]. 
The binding energies are all referenced with respect to the 
Fermi level (EF) of a reference Au foil, and reported as  
E–EF, making occupied state energies negative. While no 
sample charging effects were observed, charging and final 
state effects cannot be completely excluded from the pho-
toemission measurements. 
 
3 X-ray absorption near edge spectroscopy 
(XANES) In Fig. 1, the experimental Th L3 XANES spec-
trum is plotted along with various theoretical XANES 
spectra. Multiple calculations were made with increasingly 
larger full multiple scattering spheres until the model 
XANES converged. The full multiple scattering spheres 
ranged in size from the smallest sphere containing 8 atoms 
at a radius 3 Å to the largest full multiple scattering con-
taining 121 atoms at a radius of 7.5 Å (one more than is 
shown in Fig. 1). The starting point, i.e. the bottom spec-
trum in Fig. 1 (μ0), is the smoothly varying background for 
a free Th atom. Moving up in Fig. 1, the right-hand side 
indicates the number of additional atoms and of what spe-
cies are added into the model cluster, with increasing clus-
ter size. We observe that the XANES calculations con-
verge relatively quickly after adding 32 O and 12 Th atoms 
to the cluster at a full multiple scattering radius of 5.0 Å. 
All the calculations discussed later are based upon a 
cluster with a full multiple scattering sphere radius of 
7.0 Å, and thus the local electronic DOS are the result of 
considering cluster sizes of approximately 99 atoms. With 
nearly 100 atoms in the cluster, the calculations are con-
sidered more reliable for the FEFF 9 Green’s function for-
malism. A Hedin–Lundqvist self-energy was used for the 
energy dependent exchange correlation potential and the 
ground state potential was used to calculate the back-
ground, but the f-electrons were unconstrained.  
The experimental data obtained at four different Th 
edges (L3, M3, M4, and M5) are plotted in Fig. 2. The data 
have been shifted by E0, core level binding energy. This 
has the added benefit of being able to compare to the local 
electronic DOS, associated with unoccupied states, particu-
larly  the  d  states  (example  [22]).  The  Th  white  line  
 
 
Figure 1 Theoretical Th L3-edge XANES spectra calculated with 
increasingly larger full multiple scattering shells, from bottom to 
top (see text). The top spectrum is the normalized experimental 
data. 
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Figure 2 Experimental XANES spectra for the L3, M3, M4, and 
M5 edges, as labeled. The calculated total local DOS for both tho-
rium (Th) and oxygen (O) have been plotted (black, as labeled) 
along with the partial Th local 5f (red line) and 6d (blue line) 
DOS. The oxygen DOS has been inverted for ease of identifica-
tion. 
 
(sharp rising edge extending beyond the photoelectric 
edge) is compared to the Green’s function calculations in a 
similar approach. A similar experiment was performed 
with amorphous actinide compounds in [23]. 
From the dipole selection rules, the expected transi-
tions at the L3 and M3 edges are from states of p to s and d 
character (p → s and p → d). Likewise, M4 and M5 corre-
spond to d → p and d → f transitions. The differences in 
the p and d edges are apparent in Fig. 2, with the M4 and 
M5 XANES spectra rising sooner and more sharply than 
the L3 and M3 edges. The similarity between the XANES 
data taken at the M4 and M5 Th edges reflect the dominant 
d → 5f transitions and the placement of the 5f-type elec-
tron states just above the Fermi level or at the bottom of 
the conduction band. The similarity between the data taken 
at L3 and M3 is also expected and reflects the 2p3/2 and 
3p3/2 → 6d transitions and the placement of the d-type 
electrons, 2p3/2 and 3p3/2, respectively. Comparatively, M4 
and M5 Th edges correspond to 6d-weighted electron states 
at energies farther above the Fermi level than is the case 
for the 5f states, well above the bottom of the conduction 
band minimum. This assignment for the unoccupied states 
is consistent with our theoretical expectations and the 
LDA + U calculations of [2].  
In Fig. 2, the calculated total local DOS have been 
plotted (black line) below the experimental data, broad-
ened with a Lorentzian by 1.0 eV half-width at half-
maximum (HWHM). The total Th local DOS is plotted as 
the upper black line, whereas the total O local DOS have 
been inverted for ease of comparison with the Th DOS. 
The partial Th local 5f (red line) and 6d (blue line) DOS 
have been plotted. This partial angular momentum pro-
jected local DOS also indicates that the d-character states 
sit at higher energies than those of f-character, consistent 
with the experimental results. We find that while there is 
only a very small amount of unoccupied O 2p weight, 
some Th and O s-character local DOS is unoccupied, gen-
erally at higher energies than both Th f and d. Generally, 
the experimental data are well described by the Green’s 
function calculations and the LDA + U calculation found 
in [2]. 
While the unoccupied band structure is composed pri-
marily of the 5f and 6d bands, with the 5f band just above 
the band gap, consistent with prior theory [2–6], hybridiza-
tion is implicated in the Th 6d, 5f band mixing with the oc-
cupied O 2p states and Th 6p with the O 2s. This hybridi-
zation indicates some covalency in ThO2 and implies that 
the pure ionic model is not the correct approach. The ab in-
itio total charge transfer calculated is about 0.584e on Th 
and –0.293e on O, as opposed to purely ionic +4e and –2e 
respectively. The similarity of the XANES unoccupied 
Th 6d weighted spectra (L3 and M3 of Fig. 2) with the in-
verse photoemission, support this contention as well. 
 
4 UPS and IPES characterization The UPS and 
IPES spectra have been plotted together in Fig. 3. The 
O 2p weighted DOS is apparent at approximately 5 eV be-
low the Fermi level, matching well the DOS plotted in 
Fig. 2. The vertical binding energy of the unoccupied 5f/6d 
states start at 1–2 eV above the Fermi level. This places the 
measured band gap between 6–7 eV, close to the estimated 
values of 5.0 eV [5], and 6.9 eV [2], and in general agree-
ment with the expected prior experimental values of 5.0 eV 
to 6.0 eV [4–8]. Given that density functional theory usu-
ally underestimates the band gap, the fact that most theory 
obtains values for the band gap that are less than measured 
here is not too surprising, although the DFT hybrid func-
tional estimate for the band gap (6.9 eV [2]) is very close 
to the experimental estimates obtained here.  
The unoccupied conduction band tail DOS, probed by 
IPES, starts at approximately 0.9 ± 0.4 eV above the Fermi 
level, while the O 2p weighted DOS band tail extends to 
approximately 3.9 ± 0.2 eV, below the Fermi level, so that 
band gap, inclusive of the rather extensive band tail states, 
is  smaller  than the previously published band gaps,  i.e. 
 
 
Figure 3 Ultraviolet photoemission (left) and inverse photoemis-
sion (right) spectra referenced ThO2. Binding energies are refe-
renced to the Fermi level as E–EF. 
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here it is about 4.8 ± 0.4 eV. This suggests that the optical 
gap may be quite broad and significantly smaller than the 
ground state band gap. This narrowing of the band gap is 
possibly a result of a heterogeneous mixture of defects 
states and surface effects. Otherwise, the inverse photo-
emission determined DOS (Fig. 3) resembles that of the 
XANES spectra of Figs. 1 and 2, again supporting the con-
tention [1–4] that the 5f/6d and O 2p states hybridize. 
Hence the electronic structure, away from the band edge 
tail states, is dominated by a hybridized band structure  
rather than localized, narrow width, isolated non-dispersive 
5f/6d states. The photoemission resembles the spectra ob-
tained for the fluorite phase Gd:HfO2 alloys, with a very 
similar DOS [24], including extensive tail states at the va-
lence band maximum. 
As the placement of the Fermi level does not lie in the 
center of the gap, but rather lies closer to the conduction 
band edge, the combined photoemission and inverse pho-
toemission indicate that our ThO2 crystals are n-type. This 
could occur for a number of reasons, including (1) surface 
oxygen vacancies, (2) impurities from the growth process 
have diffused into the ThO2 acting as donors, (3) Th inter-
stitials and O vacancies in the crystal act as donor sites, (4) 
or the creation of anti-Frenkel point defects, the latter con-
dition is expected in these fluorite structure crystals based 
upon DFT calculations [25, 26]. Further studies, including 
defect analysis by non-destructive techniques, are needed. 
 
5 Conclusions Single crystals of ThO2 have been in-
vestigated to characterize the valence and conduction band 
structure in the vicinity of the band gap. There is hybridi-
zation between the occupied Th 6d and Th 5f bands with 
the O 2p, resulting in only partial Th–O charge transfer, in 
spite of the 6 eV to 7 eV band gap. This determination 
does not account for charging, and the measurement here 
should be considered an upper bound. Similarly, the unoc-
cupied states, just above the Fermi level, are dominated by 
a hybridized band structure rather than localized, narrow 
width, isolated non-dispersive 5f/6d states. These crystals 
appear n-type, suggesting the presence of a small amount 
of O point defects, consistent with the long band tails. 
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